inhibitors that occupy the S1# pocket of MMP-13 withnants for selectivity and describe the rational design out interacting with the catalytic zinc. However, optiof improved compounds with low nanomolar affinity. addition, 1 exhibits good water solubility (500 M at pH Clinical administration of broad-spectrum MMP in-7.5) and a reasonable oral bioavailability in rats (50%). hibitors, e.g., marimastat, has disclosed severe adverse These properties made the pyrimidine dicarboxamide 1 effects, such as musculoskeletal pain and tendonitis a promising candidate for further optimization. 
mode that has not been observed for other MMP inhibitors. It is characterized by the absence of interactions between the inhibitor and the catalytic zinc (Figure 2A) . The inhibitor binds deeply in the S1# pocket of MMP-13 from which it protrudes into a side pocket of S1# that has not been described for other MMPs and is referred to as the S1#* pocket ( Figure 2B ). The pyridyl substitution closer to the active site (proximal arm) points toward the entrance of the S1# pocket and does not approach the catalytic zinc closer than 5.5 Å. The pyridyl substitution pointing away from the catalytic zinc (distal arm) protrudes from the S1# pocket into the adjacent S1#* pocket. Overall, 1 exhibits a bent conformation in which the central pyrimidine dicarboxamide scaffold is tightly packed onto the side chain of Leu218, while the two pyridyl substitutions are embracing the Leu218 side chain like gripping pliers ( Figure 3A) . The oxo groups of the central scaffold form hydrogen bonds with the main chain of Thr245 and Thr247 and the side chain of Thr247 in the specificity loop ( Figures  3A and 3B ). The nitrogens of both pyridyl rings form hydrogen bonds with well-defined water molecules ( Figure 3A ). Of these, the water at the zinc-distal site of the inhibitor forms hydrogen bonds with the protein, while the water at the proximal side lies in a network of well-defined structural water.
Overall, the central scaffold and the distal pyridyl group of 1 form intricate interactions with the specificity loop of MMP-13, which defines the shape and size of the S1#* pocket. Correspondingly, the complex structures of MMP-13cd with pyrimidine dicarboxamides (1, 3, 4) exhibit continuous and well-defined electron density for this loop and the inhibitors. A comparison with of 1, we inspected the superposition of MMP-13 with However, it is interesting to observe that for the remaining 104 chains with continuous coordinate sets none of the 11 MMP catalytic domains of known three-dimensional structure. As observed for MMP-13, other MMPs the observed specificity loop conformations is compatible with the steric and geometric requirements for also exhibit at least some flexibility in the specificity loop region. Accordingly, 6 of 110 crystallographically binding of 1, as exemplified in Figure 5 . While we cannot exclude that other MMPs can assume currently unindependent MMP chains in the PDB exhibit disorder (discontinuous coordinate sets) for the specificity loop.
observed conformations, our biochemical data suggest The region shown corresponds to residues 212-265 of MMP-13 and contains Leu218 (cyan), the catalytic histidines (red), and the specificity loop (residues 244-255, yellow) with Gly248.
that the conformational space of the MMP-13 specifican activity increase of 1.5 orders of magnitude (IC 50 = 400 nM). ity loop is not accessible for other MMPs. Conformational restrictions appear obvious for those MMPs with
As a second step, we probed substitutions at the benzyl group in order to displace the structural water specificity loops shorter than that of MMP-13 ( Figure  5A ), whereas conformational restrictions for MMPs with and increase hydrophobic interactions at the outer rings of the inhibitor. Inhibitor 3 (IC 50 = 72 nM) has a similar or longer specificity loops must be based on the loops' sequence. In complex with pyrimidine dimethyl group pointing in the direction of the structural water seen in our original structure (Figure 3) . A comcarboxamide inhibitors, Gly248 in the specificity loop of MMP-13 assumes a main-chain conformation, which parison of the X-ray structures of MMP-13cd in complex with 1 and 3 provided a detailed view of the water is energetically disfavored for nonglycine residues. We propose that conformational flexibility in this position is structure around the inhibitor binding site. At the proximal site, the replacement of the pyridyl substitution in crucial for the hydrogen bonding geometry between 1 and the neighboring residues Thr247 and Thr245 (Fig-1 by a methyl-benzyl group in 3 leads to a net displacement of two structural water molecules from the protein ure 3). Accordingly, those MMPs that carry a nonglycine residue in an equivalent position may not be able to inhibitor complex (Figure 6 ). At the distal site, the same substitution results in a shift of one structural water assume a specificity loop conformation compatible with the binding of 1 (Figure 4) . without altering the net sum of structural waters around the inhibitor. Overall, this analysis supports the observed selectivity against MMP -1, -2, -3, -7, -8, -9, -10, -12 -14, and As a third step, the addition of a fluoro group in inhibitor 4 led to an improved IC 50 Closer inspection of the inhibitor interactions with with the catalytic zinc but bind deeply in the S1 pocket of MMP-13, from which they protrude into a MMP-13 reveals a π-stacking interaction between the proximal pyridine of 1 and His222, while the distal pyriside pocket (S1*) that has not been observed in other MMPs. dine of 1 is involved in interactions with a cluster of lipophilic side chains from Phe217, Leu218, Tyr246, and A structural alignment with the catalytic domains of 11 MMPs suggests the nature of the residues in posiPhe252. Together, these observations suggested probing nonpolar aromatic replacements of the pyridyl of 1, tion 218 and 248 as well as the sequence and conformation of the specificity loop (residues 244-255 in as exemplified by the benzyl analog 2, which exhibited . The water structures were generated with a semiautomated procedure using Quanta. Water molecules were inreaction mixture was diluted with CH 2 Cl 2 (10 ml) and water (10 ml). The organic layer was washed with brine and dried over MgSO 4 .
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